While formation of the expanded cumulus matrix and its importance for oocyte maturation and ovulation are well described, its function in these processes remains unknown. The degree of expansion and expression of cumulus matrix genes are positively correlated with oocyte quality, suggesting that this matrix plays a key role in oocyte maturation. Based on recognized filtration properties of analogous matrices, we investigated whether the cumulus matrix acts as a molecular filter by assessing diffusion of fluorescently labeled dextrans (neutral and negatively charged) and hydrophilic (glucose) and hydrophobic (cholesterol) metabolites in cumulus oocyte complexes (COCs). Expanded in vivo-matured COCs resisted absorption of glucose and cholesterol compared to unexpanded COCs. In vitro-matured (IVM) COCs have a pronounced deficiency in cumulus matrix proteins and have poor oocyte quality. Here we demonstrate that IVM cumulus matrix has deficient filtration properties, with dextran and glucose and cholesterol molecules diffusing more readily into IVM than in vivo-matured COCs. Taking the inverse approach, we found that prostaglandin E2 (PGE2), synthesized by cumulus cells, is retained within the matrix of in vivo-matured COCs but IVM COCs have reduced capacity to retain PGE2, secreting significantly more into the medium. This is the first demonstration of a biophysical property of the cumulus matrix. The ability to regulate metabolite supply from the surrounding environment while sequestering vital signaling factors, such as PGE2, is likely to impact oocyte maturation. Thus, IVM may reduce oocyte quality due to dysregulated control of metabolites and signaling molecules.
INTRODUCTION
Formation of the expanded cumulus oocyte complex (COC) matrix during meiotic maturation and prior to ovulation is well described in many species. The cumulus matrix is critical for fertility, as mice with null mutations in genes that express or regulate the expression of cumulus matrix components repeatedly exhibit impaired or disrupted cumulus expansion [1] [2] [3] [4] [5] [6] [7] [8] [9] as well as reduced ovulation [1] [2] [3] [4] [5] [7] [8] [9] [10] [11] [12] [13] and fertilization rates [1, 3, 4, 6, 7, 9, 14] resulting in subfertility or infertility.
In women, several genes encoding the components of this matrix (VCAN [15, 16] , HAS2 [17, 18] , PTX3 [15, 16] ) are associated with embryonic developmental outcomes. Despite this, the function of the cumulus matrix in oocyte maturation is not understood, and the mechanism by which null mutations in extracellular matrix genes result in impaired fertility is largely unknown.
Cumulus expansion requires rapid synthesis of hyaluronan by cumulus cell induction of Has2 in response to the luteinizing hormone (LH) surge [19, 20] . At the same time, increased vasculature permeability around follicles allows a large influx of blood plasma components including glucose into the follicle [21, 22] . Glucose uptake is significantly increased within cumulus cells during matrix expansion for the production of hyaluronan. In addition, glucose regulates the rate of meiotic resumption and oocyte developmental competence [23] [24] [25] [26] , although exposure of oocytes to high physiological glucose has detrimental effects on developmental competence [25] [26] [27] . This sensitivity of the oocyte to glucose led us to hypothesize that once formed, the highly organized cumulus matrix has the capacity to regulate diffusion of small metabolites, such as glucose. In support of this concept, there is a reduction in glucose uptake by the oocyte following cumulus expansion in vivo [28] .
Lipophilic molecules, including steroids, progesterone, and androgens, and meiosis-activating sterol (FF-MAS), are known to modulate oocyte maturation [29] [30] [31] [32] [33] [34] [35] [36] . Limitations to the normally high diffusion of these compounds by the cumulus matrix may facilitate an organized pattern of substrate supply important for the function of the COC as a unit and for optimal oocyte maturation. Conversely, retention of cumulus cell-or oocyte-synthesized signaling molecules may increase their local concentration and focus their actions on the maturing cumulus cells and oocytes. Prostaglandin E2 (PGE2) for example is a lipid-derived molecule synthesized by cumulus cells that has essential roles in oocyte maturation, cumulus expansion, ovulation, and fertilization [2, 4, 10, 37, 38] , and its retention by the cumulus matrix may be required for appropriate signaling action within the COC.
At the molecular level, an extracellular matrix can be considered actively moving rods generating a mesh with higher concentrations of matrix generating tighter meshwork [39] . The degree of cross-linking between matrix molecules influences rigidity and other functional qualities of the meshwork. Both of these parameters determine the spacefilling property and ability of small molecules to diffuse throughout the matrix, with the degree of retardation also dependent on the molecular size and chemical properties of the solute. Indeed, in an in vitro model system, the diffusion rate of glucose through hyaluronan decreases as the concentration of the matrix increases [39] . In another example, the diffusion rate of caffeine, a hydrophilic low-molecular-weight molecule, is reduced by 50% in a matrix of hyaluronate at a concentration much lower than that present in many tissues [40] . The nucleus pulposus, a versican-rich jelly-like matrix [41] , which functions to distribute pressure over the intervertebral disks, decreases glucose diffusion by 50% compared to diffusion through water [42] . This indicates that extracellular matrix networks have a defined ability to hinder the passage of molecules, working as a molecular sieve [43] , and that cells embedded in such a matrix will have regulated substrate supply.
We proposed that the expanded COC matrix has the capacity to modulate the diffusion rates of small molecules. Specifically, the cumulus matrix acts as a molecular filter of metabolites entering the follicle following the LH surge and conversely as a molecular trap for locally synthesized signaling molecules involved in oocyte maturation, such as PGE2. To test this hypothesis, we measured diffusion of fluorescently labeled glucose and cholesterol as representative physiological hydrophilic and lipophilic metabolites, before and after COC expansion. Furthermore, we proposed that diffusion of small molecules is altered under conditions where COC matrix production is deficient such as in vitro-matured (IVM) COCs, which lack the normally abundant matrix components versican and ADAMTS1 [44] . To test this, we compared metabolite diffusion in expanded COCs following maturation in vivo versus IVM. Assessments of the uptake of neutral or negatively charged 10-kDa dextran, as well as glucose and cholesterol, revealed differences in diffusion within IVM COCs compared to in vivo-matured COCs. As a measure of the capacity of COC matrix to restrain diffusion out of the COC, retention of PGE2 synthesized within the expanded matrix was greater for in vivo-matured COCs than for matrix-deficient IVM COCs.
MATERIALS AND METHODS

Materials
Equine chorionic gonadotropin (eCG) and human chorionic gonadotropin (hCG) were purchased from Calbiochem (Merck Pty. Ltd., Kilsyth, VIC, AU). Culture medium was purchased from Gibco (Invitrogen Australia Pty. Ltd., Mulgrave, VIC, AU). All other reagents were purchased from SigmaAldrich Pty. Ltd. (Castle Hill, NSW, AU), unless stated otherwise.
Animals
SV129 3 C57BL/6 F 1 out-bred mice were maintained on a 12D:12L cycle, with rodent chow and water provided ad libitum. All experiments were approved by the University of Adelaide's Animal Ethics Committee and were conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Isolation and Culture of Cumulus Oocyte Complexes
In vivo-matured COCs were obtained from female prepubertal 21-to 25-day-old mice treated with i.p. administration of eCG (5 IU), followed 48 h later by hCG (5 IU). Mice were culled by cervical dislocation at 10 or 16 h post-hCG, ovaries and oviducts were removed and placed in complete minimal essential medium (MEM; aMEM, supplemented with 5% [v/v] fetal calf serum [FCS] , 0.25 mM sodium pyruvate [Gibco] ). Postovulatory COCs (16 h post-hCG) were collected from oviducts by blunt dissection and preovulatory COCs (10 h post-hCG) by puncturing of antral follicles with a 27-gauge needle. Immature unexpanded COCs were isolated in this same manner from mice 44 h after eCG administration and used immediately for metabolite uptake assays or subjected to IVM. For in vitro maturation, unexpanded immature COCs were washed in complete MEM and cultured in groups of 10 at 378C, 5% CO 2 , 95% air for 10 or 16 h in 100-ll drops of complete MEM containing 50 mIU/ml recombinant human follicle-stimulating hormone (FSH) and 3 ng/ml epidermal growth factor (EGF) overlaid with 3 ml of mineral oil.
Metabolite Uptake Assay
Quantitative assays were developed and optimized to assess the rate of uptake and spatial distribution in COCs of metabolites with hydrophilic (glucose) and lipophilic (cholesterol) properties by using fluorescently labeled analogs. All procedures were carried out at 378C.
A nonhydrolyzable fluorescent glucose analog (6-[N-f7-nitrobenz-2-oxa-1,3-diazol-4-ylg amino]-6-deoxyglucose), 6-NBD-glucose (Invitrogen), was used to ensure that glucose was not metabolized by cells which might result in either loss of fluorescence or secretion from cells of secondary metabolites. Six-NBD-glucose was reconstituted in complete MEM to a working concentration of 100 lM. COCs were incubated in 250 ll of complete MEM containing 100 lM 6-NBD-glucose and incubated at 378C for 0, 2, 7, or 15 min, followed by transfer to 500 ll of fresh, warm complete MEM for 2 min. Conditions for 6-NBD-glucose labeling consisted of a 15-min pulse in the fluorescent label followed by a 2 min wash/chase, because readily measurable uptake of the substrate by oocytes was linear with pulse time elapsed at this time point and had not reached saturation in either the cumulus cells or the oocyte of COCs.
Fluorescently labeled cholesterol (22-[N-f7-nitrobenz-2-oxa-1,3-diazol-4-ylg amino]-23,24-bisnor-5-cholen-3-ol) NBD-cholesterol (Invitrogen) was reconstituted in absolute ethanol to a stock concentration of 5 mg/ml. This was diluted to a working concentration of 5 lg/ml in complete MEM. COCs were placed in 250 ll of complete MEM containing 5 lg/ml NBD-cholesterol and incubated for 0, 1, or 2 min and then transferred to 500 ll of fresh, warm complete MEM for 2 min. Incubation periods longer than 2 min for cholesterol resulted in saturation in the cumulus cells (data not shown). Labeling conditions for NBD-cholesterol were established at a 2-min pulse in the fluorescent label, followed by a 2-min wash/chase period, as readily measurable uptake of the substrate by oocytes was linear with pulse time and had not reached saturation in either the cumulus cells or the oocyte.
Quantification of Metabolite Uptake
Immediately after the wash period, COCs were mounted by transferring them in 1 ll of wash medium to a 3-ll drop of complete MEM on a coverslip. Images of each COC were captured within 2 min following the wash/chase by confocal microscopy (model TE2000E microscope with a C1 confocal scanning head, Nikon Corp., Tokyo, Japan) with fixed, predetermined magnification, exposure, and gain settings. The plane of focus in which the oocyte diameter was largest was assumed to be the center and was selected for image capture and analysis. Fluorescence intensity was quantified using analySIS software (Olympus Australia Pty. Ltd., Mt. Waverly, VIC, AU). A region of interest (ROI) of fixed size that encompassed the entire oocyte diameter and spanned the COC, including some external area outside the complex, was placed over the image of the COC such that it centered on the geometric center of the oocyte (Supplemental Fig. S1A , available online at www.biolreprod.org). An identical ROI was used for each COC in all experiments. The average fluorescence intensity in each column of pixels is reported, yielding an average fluorescence readout at 1.22-lm increments across the whole COC (see Supplemental Fig. S1B ). For each treatment group, the mean 6 SEM was calculated for all COCs across experiments, and data are represented graphically as intensity of fluorescence over distance. To determine the intensity of the fluorescent label immediately surrounding the COCs, the average of the intensity values from the outermost 10 lm of each end of the ROI was calculated (regions 1 and 4, see Supplemental Fig. 1B) . Similarly, to determine fluorescent uptake specifically in the cumulus cell compartments, the average fluorescence intensity was calculated for intensity values between 100 and 110 lm and 240 and 250 lm of the ROI, two regions on either side of the oocyte that contained cumulus cells for each COC (regions 2 and 3, see Supplemental Fig. 1B ). The uptake of label, specifically by oocytes, was determined by measuring the average pixel intensities in an ROI (50 3 50 lm) placed over the geometric center of oocytes and then calculating the average (6SEM) of intensity for all oocytes in each treatment. In parallel experiments, IVM and in vivo-matured COCs were harvested, labeled, and imaged on the same day.
Dextran Diffusion Assay
The exclusion property of the expanded cumulus matrix and the differences between IVM and in vivo-matured complexes were assessed using biologically inert neutral or negatively charged dextrans. Both dextrans were 10 000 MW in size, with one carrying a neutral charge and conjugated with a Texas Red fluorophore, and the other of negative, anionic charge and conjugated with Alexa Fluor 488. Both dextrans were dissolved in PBS to 50 mg/ml and diluted in a Hepes-buffered aMEM-5% FCS (v/v) to a working concentration of 0.1 mg/ml.
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In parallel experiments, IVM (10-h IVM) and in vivo-matured (10 h post-hCG) COCs from CBA 3 C57BL/6 first filial generation (F 1 ) mice were harvested, labeled, and imaged on the same day. COCs were transferred in 1 ll of Hepes-buffered aMEM-5% (v/v) FCS to 500 ll of dextran (0.1 mg/ml) and then transferred in 5 ll to a glass coverslip and mounted using a 0.12 mm Secure-Seal spacer (Molecular Probes, Invitrogen). Images of COCs were captured within 15 min of being placed in the stain by confocal microscopy (FluoView FV10i; Olympus), using fixed, predetermined magnification, exposure, and gain settings. The plane of focus in which the oocyte diameter was largest was accepted as the center and selected for image capture and analysis. In order to standardize the comparisons between IVM and in vivo COCs, we analyzed the mean fluorescence intensity in two regions of equal size and equidistant from the oocyte edge (Fig. 3I) . To determine the amount of dextran diffused into the inner layer of the cumulus matrix compartment over 15 min, the average intensity within a 175-lm circle centered on the oocyte but excluding the 70-lm diameter disk at the center containing the oocyte was calculated using analysis pro software. To measure the amount of dextran diffused into the outer layer of the cumulus matrix compartment, we measured the average intensity in a circle of 350 lm in diameter centered on the oocyte, excluding the middle 175-lm-diameter region.
Gene Expression Analysis
To quantify levels of Ptgs2, we collected COCs from CBA 3 C57BL/6 F 1 mice and, after either 10 h in vivo (10 h post-hCG) or in vitro (10 h IVM) maturation, COCs were snap frozen in liquid nitrogen and stored at À808C until RNA extraction. RNA was extracted from pools of 20 COCs using TRIzol reagent (Invitrogen) as per the manufacturer's instructions, with the inclusion of 7.5 lg Blue Glycogen (Ambion) during precipitation. Total RNA was then treated with 1 U of DNase according to the manufacturer's instructions (Ambion). RNA concentration and purity were quantified using a spectrophotometer (Nanodrop ND-1000; Biolab Ltd., Victoria, AU). First-strand cDNA was synthesized from total RNA (189 ng) using random hexamer primers (Roche, Castle Hill, NSW, AU) and Superscript III reverse transcriptase (Invitrogen). Real-time RT-PCR was performed in triplicate for each sample with a Rotor-Gene 6000 sequence detection system (Corbett Life Science). In each reaction mixture, 2 ll of cDNA (equivalent to 10 ng of total RNA), 0.2 ll of forward and reverse primers (stock concentrations: Rpl19, 25 lM; Ptgs2, 12.5 lM), 10 ll of SYBR Green Master Mix, and 7.6 ll H 2 O were added to a final volume of 20 ll. PCR cycling conditions were 508C for 2 min, 958C for 10 min, followed by 40 amplification cycles of 958C for 15 sec and 608C for 1 min. Rpl19 was used as an internal control [44] 
. Ptgs2 primers were designed to prostaglandin-endoperoxide synthase 2 (Ptgs2 accession number NM_011198.3 [GenBank, National Center for Biotechnol-
0 -CCTCTCCACCAATGACCTG-3 0 ) and were shown to have amplification efficiency comparable to the internal control. Analysis of the dissociation curves confirmed that a single product was amplified in all reactions. Controls included omission of the cDNA template or RT enzyme in otherwise complete reaction mixtures; each showed no evidence of product amplification or primer dimer. Real-rime RT-PCR data were analyzed using the 2 À(DDCT) method for quantification relative to a reference or calibrator sample [45] . Results for each PCR were normalized to the calibrator (7-h hCG, whole ovary), which was given the arbitrary value of 1.
Prostaglandin E2 Assay
To quantify levels of PGE2 retained in the cumulus matrix and lost or secreted from the matrix, 10-h in vivo-matured (10 h post-hCG) and IVM (10 h) COCs were collected from CBA 3 C57BL/6 F 1 mice and incubated in 100 ll of complete aMEM containing 50 mIU/ml FSH and 3 ng/ml EGF in an Eppendorf tube for 1 h at 378C, 6% CO 2 , 94% air (20 COCs per 100 
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ll). COCs were lightly pelleted by centrifugation at 5000 3 g for 2 min, and the resultant supernatant (the medium fraction) was collected for the PGE2 assay. Pelleted COCs were then resuspended in 50 ll of hyaluronidase (100 U/ml) and vortexed briefly, which was followed by centrifugation at 5000 3 g for 2 min to pellet the cumulus cells. The resultant supernatant (the extracellular matrix fraction) was collected for PGE2 assay. Separate medium and extracellular matrix fractions were snap frozen in liquid nitrogen and stored at À808C until analysis. Levels of PGE2 were measured by commercially available competitive ELISA (Thermo Scientific, Rockford, IL; sensitivity 15.9 pg/ml; range, 39-5000 pg/ml) according to the manufacturer's instructions. PGE2 measurements were made in duplicate using 7-10 samples from pools of COCs from four independent experiments. Culture medium and hyaluronidase alone contained negligible levels of PGE2.
Statistical Analysis
The effect of fluorescent-labeled pulse duration on the intensity of fluorescence in oocytes of unexpanded COCs was analyzed by linear regression analysis and a nonparametric one-way ANOVA (Kruskal-Wallis test) due to non-normal data distribution. Unpaired t tests were used to compare two treatment groups, as indicated. When data did not follow a normal distribution, a transformation was performed or a nonparametric Mann-Whitney U test was used, as indicated in the figure legends. The effect of IVM versus that of in vivo maturation on the diffusion of dextran into the cumulus matrix compartment was analyzed by two-way ANOVA with Holm-Sidak post hoc test. For graphing and statistical analyses, GraphPad Prism version 5.01 (GraphPad Software Inc.) for Windows (Microsoft) was used. Differences were considered statistically significant at a P value of ,0.05.
RESULTS
Cumulus Expansion Restricts Uptake of Glucose and Cholesterol by Cumulus Cells and Oocytes
Diffusion of fluorescent glucose across unexpanded COCs and into oocytes after exposure for 0, 2, 7, or 15 min was linear and not saturated (Fig. 1B, R 2 ¼ 0.9572; P , 0.0001), indicating that this method can quantitatively measure different kinetics of glucose diffusion across the COC. To determine whether cumulus expansion alters metabolite diffusion across the cumulus cell layer and its uptake by the oocyte, we made a direct comparison between fluorescent glucose uptake in COCs of unexpanded immature (44 h eCG) and in vivo-matured and expanded COCs (44 h eCG plus 16 h hCG). Following expansion, the COC was resistant to glucose uptake compared to unexpanded COCs (cf. Fig. 1, A vs. C) , demonstrating that the cumulus matrix presents a barrier to glucose diffusion. Remarkably, the majority of the fluorescence was present in the medium immediately surrounding the expanded COCs, even after washing (Fig. 1C) . Glucose uptake into oocytes was significantly reduced in the expanded COC compared to that in unexpanded COCs exposed to the label for the same period (P , 0.0001) (Fig. 1D) , indicating that the cumulus matrix prevents oocyte accumulation of glucose.
Fluorescent cholesterol diffusion across unexpanded cumulus complexes and uptake by oocytes following durations of label exposure of 0, 1, or 2 min was linear (Fig. 2B, R 2 ¼ 0.9995, P , 0.0001) but saturated at longer times (not shown), validating the fact that the cholesterol uptake over 2 min of staining exposure was suitable for analyzing the kinetics of cholesterol diffusion across COCs. Differences in cholesterol diffusion and uptake between unexpanded and in vivoexpanded COCs indicated that formation of the cumulus matrix renders COCs resistant to cholesterol absorption by comparison to that of unexpanded COCs (cf. Fig. 2, A vs. C) . Individual cumulus cells at the outer edges of expanded COCs showed cholesterol uptake, but toward the middle of the complexes, cumulus cells and oocytes contained only minimal fluorescence (Fig. 2C) . Quantification of the accumulated cholesterol in oocytes showed a significant 6.8-fold reduction following expansion ( Fig. 2D ; P , 0.0001) suggesting that, as with glucose, the expanded COC matrix presents a barrier to cholesterol diffusion.
Molecular Filtration Properties of the Cumulus Matrix Are Altered in COCs Matured In Vitro
Diffusion of labeled dextran (10 kDa) into expanded COCs was assessed as a representative molecule with no specific cellular or extracellular matrix interactions. Within 15 min, 10-kDa dextran diffused deep into the COC and could be visualized beneath the zona pellucida but did not penetrate the oocyte plasma membrane (Fig. 3, E-H) . A greater concentration of fluorescent dextran was present within IVM COCs (Fig. 3, F and H) compared to that in COCs matured in vivo (Fig. 3, E and G) . Surprisingly this was true using either neutral (Fig. 3, E and F) or negatively charged (Fig. 3, G and H) dextran molecules. Quantitative assessment of the dextranrelated fluorescence in zones of the COC either adjacent to the oocyte (Fig. 3I, inner) or near the outer edge of the complex revealed that dextran abundance within each cumulus/matrix compartment was significantly higher in IVM complexes than FIG. 3 . Diffusion of neutral and negatively charged 10-kDa dextran into the expanded COC is significantly increased following IVM. Representative confocal images of the diffusion of neutral (E and F) and negatively charged dextran (G and H) into COCs following maturation in vivo (E and G) or in vitro (F and H). Fluorescent images overlaid with brightfield images are also shown (A-D). Diffusion of dextran into the expanded COC was measured in a layer adjacent to the oocyte (inner) and an outer layer (I) as described in Materials and Methods. Quantified diffusion of neutral and negatively charged dextran into in vivo-matured and IVM COCs is shown in J and K, respectively. Data are mean intensity of fluorescence 6 SEM, n ¼ 8-14 COCs per treatment from three experimental replicates. ***P , 0.001 by two-way ANOVA with Holm-Sidak post hoc test. Bar ¼ 210 lm.
CUMULUS MATRIX REGULATION OF MOLECULAR FILTRATION
5
Article 89
in those matured in vivo (Fig. 3 , J and K). For both IVM and in vivo-matured complexes, there was significantly more dextran in the outer than in the inner layer of the cumulus/matrix compartment within a treatment (Fig. 3, J and K) . Glucose and cholesterol are physiologically relevant metabolites that have previously shown restrained diffusion in hyaluronan-based extracellular matrix. We found intense fluorescent glucose consistently accumulated in the medium surrounding the expanded complex of in vivo-matured COCs even after washing, with relatively little glucose present in oocytes (Fig. 4A) . Quantitative analysis of the mean intensity of glucose fluorescence across in vivo-matured complexes confirmed a steep concentration gradient from very high concentrations seen outside the complex, rapidly declining, with the least fluorescence observed within the oocyte (Fig.   4C ). In contrast, the uptake of glucose in IVM complexes was elevated both in cumulus cells and oocytes (Fig. 4B) . The mean intensity profile of fluorescence quantified across the diameter of IVM complexes revealed the greatest concentration of glucose within the cumulus cell compartment of the complex, with very low levels present in the medium surrounding the COC (Fig. 4D) , resulting in the inverse spatial gradient compared to that seen after in vivo maturation with glucose increasing from the outside to the center of the cumulus cell compartment (Fig. 4D) . Significantly more glucose was present in oocytes and cumulus cells following IVM than in vivomatured COCs (P , 0.05) (Fig. 4, E and F) . Conversely, glucose fluorescence was significantly higher in the surrounding medium of in vivo than in vitro matured COCs (P , 0.001, Fig. 4G ). respectively; data are mean intensity of fluorescence 6 SEM (n ! 17 COCs, ! 4 experimental replicates). Quantification of glucose uptake within the oocyte (E), the cumulus cell compartment (F), and the region surrounding the COC (G) are mean intensity of fluorescence 6 SEM, n ! 17 COCs per treatment from !4 experimental replicates). Data in E were log transformed to normalize prior to statistical analysis. *P , 0.05; unpaired t test, ***P , 0.001; Mann-Whitney U test due to non-normal data distribution. Bar ¼ 200 lm.
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Spatial assessment of cholesterol uptake showed the gradient pattern was similar between IVM and in vivo-matured COCs, with label highest within the cumulus layers and in oocytes (Fig. 5, C and D) . Importantly, the mean intensity of cholesterol fluorescence following IVM was significantly increased in both the oocyte and the cumulus cell compartments compared to COCs matured in vivo (Fig. 5, E and F,  respectively) . There was no significant difference in the abundance of cholesterol present in the surrounding medium of IVM and that of in vivo-matured COCs (Fig. 5G) .
Prostaglandin E2 Is Retained by COC Matrix and This Capacity Is Impaired in IVM COCs
We assessed the ability of the expanded COC matrix to retain cumulus cell-synthesized PGE2 and whether this function was compromised in the compositionally deficient IVM matrix. There was a significant 7-fold reduction in the relative levels of Ptgs2 expression (the gene responsible for the rate-limiting step in PGE2 synthesis) in IVM COCs compared to those matured in vivo (Fig. 6A) . This was similarly reflected in the total levels of PGE2, 6.7-fold reduced in IVM versus that in in vivo-matured COC (Fig. 6B) . Despite producing lower levels, IVM COCs were less able to retain PGE2 within the complex. PGE2 was predominant in the matrix fraction of in vivo-matured complexes, while the opposite was observed for in vitro matured COCs; significantly more PGE2 was secreted into the culture medium than retained (Fig. 6C) . Thus, the amount of PGE2 in the medium:matrix ratio was significantly greater in IVM COCs (Fig. 6D) . This indicates that the majority of cumulus cell synthesized PGE2 normally accumulates within the COC while PGE2 fails to be retained in the IVM matrix. 
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DISCUSSION
Expansion (or mucification) of the cumulus oocyte complex has been described in many species; however, its functional significance is poorly understood. In the current study, we show evidence that it plays a molecular filtration role that may control supply of soluble metabolites to the oocyte and retain and concentrate signaling molecules synthesized by the oocyte and cumulus cells. We found that formation of the COC matrix impedes absorption of dextran, glucose, and cholesterol but that restrained diffusion of each of these entities was significantly impaired in IVM COCs. The fact that IVM COCs have compositionally insufficient matrix [44] and impaired ability to exclude molecules with various biochemical properties supports the conclusion that the COC matrix mediates this property of the mature expanded COC. We further demonstrate the inverse of filtering external solutes, showing that cumulus cell synthesized PGE2 is retained in the cumulus matrix of the expanded COC and again this was compromised in the matrix deficient IVM COC.
The restrained diffusion of dextran, glucose, cholesterol, and PGE2 can be explained by the space-filling effects determined by cumulus matrix composition and structure. Hyaluronan-rich extracellular matrix is organized such that it generates a mesh with ''pores'' of differing sizes, with increasing matrix concentration, resulting in a decrease in pore size [39] . Pore size and number are also dependent on the degree of hydration and cross-linking between matrix molecules. These parameters combined with the biochemical properties of the solute influence the freedom with which molecules diffuse through the matrix. In vivo-matured COCs contain higher concentrations of the hyaluronan cross-linker versican [44] and restricted diffusion more than the IVM cumulus matrix, which presents an inferior barrier, suggesting larger and/or more numerous pore sizes due to hyaluronandeficient cross-linking, allowing more rapid solute diffusion. Observations of matrices analogous to the expanded cumulus matrix support the idea that this matrix acts as a physiologically relevant molecular filter. The ''perineural net'' surrounding neurons consists of hyaluronan cross-linked by versican and tenascins [46, 47] and controls ion homeostasis in the neuronal local extracellular environment [48] [49] [50] . In cases of deficient extracellular matrix composition, ion retention fails, causing decreased nerve conductivity due to the decreased diffusion barrier required to retain ions [50] . This diffusion barrier provided by the extracellular matrix in the central nervous system is functionally and compositionally similar to the COC matrix in the current study.
Dextran is relatively biologically inert but has high molecular weight. We found 10-kDa dextran diffused into 3 FIG. 6. Reduced capacity of the expanded cumulus matrix to retain PGE2 following in vitro maturation. Analysis of Ptgs2 expression in COCs following 10 h in vivo maturation or IVM (A). mRNA expression was normalized to that of Rpl19 and presented as means 6 SEM (n ¼ 3 experimental replicates, *P , 0.05 by unpaired t-test). Levels of PGE2 were measured by ELISA following 10 h in vivo or IVM. COCs were incubated in culture medium for 1 h, after which the culture medium and cumulus matrix fractions were separately collected as described in Materials and Methods. Total levels of PGE2 in the culture medium and matrix fractions is shown in B. Levels of PGE2 in the medium and matrix fractions are presented in C and the ratio of PGE2 in the medium:matrix in D. Presented as mean 6 SEM (n ! 8 experimental replicates, representative of 160-200 COCs). For C and D an unpaired t test was performed and for B a Mann-Whitney U test due to non normal distribution of data. *P , 0.05, ***P , 0.001.
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the expanded COC and could be detected within the zona pellucida within 15 min. Surprisingly, considering the high negative charge of hyaluronan and other glycosaminoglycans abundant in the expanded matrix [19, 51, 52] , we found negatively charged dextran diffused and localized within the COC, similar to neutral dextran, suggesting that charge-based exclusion has a minimal influence in the COC matrix. The abundance of dextran was significantly higher within IVM than in in vivo-matured COCs, indicative of a loss of size exclusion properties due to their altered matrix composition.
Likewise in IVM COCs, the exclusion of glucose from the complex was reduced and uptake in the oocyte increased, suggesting that changes in cumulus matrix alter exposure of the oocyte to solutes. This function of the matrix may be important during the meiotic maturation and fertilization of oocytes. This observation may help to explain the known sensitivity of oocytes to excessive glucose in IVM/IVF culture media [25] [26] [27] .
Cholesterol is normally transported to cells via lipoprotein particles. Here we used cholesterol as a simple marker of lipophilic molecule diffusion in the COC reflecting, for example, diffusion of progesterone and androgens as well as sterols including the meiosis activating sterol and prostaglandins that are important in oocyte maturation [29] [30] [31] [32] [33] [34] [35] [36] . Diffusion of exogenously supplied cholesterol was impeded following expansion in vivo and the same was true for endogenously synthesized PGE2, a molecule with similar lipophilic properties to cholesterol.
We found that in vivo-matured COC matrix more efficiently retained cumulus cell synthesized PGE2, which normally signals via the EP2 receptor, present on cumulus cells and essential for cumulus expansion, ovulation, and oocyte developmental competence [2, 4, 10, 37] . PGE2 acts in a paracrine/autocrine manner to induce transcription of many important cumulus cell genes including further elevation of PGE2 synthesis by cumulus cells [38] . PGE2 is required for normal preovulatory COC matrix formation [2] , but interestingly has also been suggested to have a timesensitive effect on matrix disassembly after ovulation [37] , raising the possibility that accumulation of PGE2 through retention by the matrix may eventually trigger its dissolution when sufficiently high levels are reached. Furthermore, the fact that IVM is inferior to in vivo maturation in generating oocytes with high developmental potential may be a functional consequence of a compositionally deficient IVM cumulus matrix leading to a loss of PGE2 and other important paracrine signaling factors such as oocyte-secreted growth factors that would normally accumulate in the COC. In support of this suggestion supplementation of mouse and bovine IVM with high concentrations of oocyte-secreted growth factors improves oocyte developmental outcomes [53, 54] .
This work demonstrates a novel function of the cumulus matrix. We have demonstrated that the expanded COC matrix has the capacity to act as a molecular filter that establishes a unique extracellular environment for the maturing oocyte. Further, this filtration function is altered in IVM conditions in which extracellular matrix components, including versican and ADAMTS1 are absent. A greater understanding of the role that COC matrix components play in oocyte maturation could be translated to optimize IVM conditions.
